ABSTRACT Coexistence of the wolf spiders (Araneae: Lycosidae) Hogna helluo (Walckenaer) and Pardosa milvina Hentz in soybean Þelds is partially driven by a trade-off in competitive ability and colonization success. H. helluo can out-compete P. milvina, but its population densities are limited by its colonization ability. However, even after repeated additions in soybean habitats, H. helluo seldom sustains high population densities. Our research focuses on whether emigration might explain this pattern. Relying on mark-recapture techniques, we tested the role of habitat quality and presence of heterospeciÞcs as factors initiating emigration of H. helluo and P. milvina from suitable habitat patches. We assessed emigration by trapping spiders (with pitfall traps) at the outer edge of an unfavorable habitat (tilled soybean Þeld) surrounding either no-till or mulched habitats (i.e., addition of straw), the latter representing an increase in habitat quality. Spiders were added to enclosures with con-or heterospeciÞcs. Experiments were conducted twice, and ran for 4 d, at which time captures of marked spiders were low. Results showed H. helluo emigration was inßuenced by habitat quality because it was captured leaving no-till habitat signiÞcantly more often than exiting mulched habitats. In contrast, P. milvina activity was not driven by changes in habitat, and as such has more habitat versatility than H. helluo. The presence of con-or heterospeciÞcs did not alter the propensity of either species to leave experimental units. H. helluo population densities are therefore limited by both its ability to colonize soybean Þelds and by its propensity to emigrate if suitable habitat is not available.
THE PROCESS OF DISPERSAL is critical to the ecology and evolution of animals (Clobert et al. 2001 , Wiens 2001 . With terrestrial arthropods, population density, competition for resources, and habitat quality are among the common factors cited for initiating dispersal and/or emigration (Bach 1984 , Denno et al. 1991 , Bengtsson et al. 1994 , Denno and Peterson 1995 , Herzig 1995 , Albrectsen and Nachman 2001 . However, with the exception of work by Wallin and Ekbom (1994) , little effort has been focused on understanding the factors that might initiate emigration with generalist arthropod predators, although studies have depicted patterns in the small-scale movement of various predatory taxa (Edgar 1971 , Cárcamo and Spence 1994 , Charrier et al. 1997 , Morse 1997 , Firle et al. 1998 , Kreiter and Wise 2001 .
It is especially important to understand emigration patterns with generalist predators occurring in agroecosystems, as these taxa frequently consume pest insect species to the point of showing measurable effects on yield (Carter and Rypstra 1995 , Snyder and Wise 1999 , Halaj et al. 2000 . Studies have investigated ways to promote immigration to highly valued crops or habitats (Riechert and Bishop 1990, Halaj et al. 2000) , but with the exception of Halaj et al. (2000) , who assessed emigration of spiders out of tilled soybean Þelds, our understanding of what may instigate evacuation of an area is lacking. We sought to determine what factors might initiate emigration of two wolf spider species (Araneae: Lycosidae) living in agroecosystems to further ecological thinking about emigration of generalist predators, and to ascertain whether emigration can explain previously documented patterns in the distributions of our study species.
Wolf spiders represent an ideal model taxon to study movement and emigration as they are numerically abundant , easily identiÞed (Dondale and Redner 1990) , active, and have proved to be successful candidates for markrecapture studies (Kiss and Samu 2000) . The wolf spiders Hogna helluo (Walckenaer) and Pardosa milvina Hentz are among the most common spiders found inhabiting the ground-layer of agricultural ecosystems in the eastern USA (Dondale and Redner 1990, Young and Edwards 1990, Marshall and . H. helluo is a large (adults typically weigh Ͼ300 mg), slow growing (takes Ն2 yr to complete development), relatively sedentary species that tends to forage at night (Walker et al. 1999a , b, Marshall et al. 2002 . This species typically exists at densities at or below 1/m 2 in soybean Þelds of SW Ohio . In contrast, P. milvina is a small (adults between 20 Ð 40 mg), diurnal, bi-or univoltine species that is considered an active forager , Walker et al. 1999a , Marshall et al. 2002 . P. milvina often reaches densities above 5/m 2 in soybean Þelds .
The contrasting life-histories of H. helluo and P. milvina have presented the opportunity for studying the suite of interactions between these wolf spiders. P. milvina is a better colonizer than H. helluo, but the latter is a superior competitor Rypstra 1999b, Marshall et al. 2000) . Repeated additions of H. helluo to experimental plots, however, produced lower recapture rates than expected, leading Marshall et al. (2000) to conclude that ". . . the relative rarity of Hogna (despite repeated additions) may indicate that an unanticipated factor limited Hogna densities" (Marshall et al. 2000: 3346) . Numerous factors could explain this pattern, including intraspeciÞc competition, unknown sources of H. helluo mortality, variable habitat quality, and emigration. In the present research, we have focused on understanding whether differences in habitat structure and/or presence of heterospeciÞcs could alter emigration rates of H. helluo and P. milvina, and as such explain some of the patterns previously uncovered by Marshall and Rypstra (1999b) and Marshall et al. (2000) .
Our objective was to determine whether improving habitat quality (i.e., through the addition of structure, see Uetz (1991) and Rypstra et al. (1999) ) and/or adding heterospeciÞcs will change the propensity of H. helluo and P. milvina to emigrate from experimental habitats within soybean Þelds that naturally contain both species in relatively high densities . Soybean Þelds represent an ideal template for our study as they have a well known spider fauna (Young and Edwards 1990 , Rypstra and Carter 1995 , are a common feature of the landscape in SW Ohio, and are structurally simple which means we can alter features of the habitat in a meaningful, and consistent way, and thus gain signiÞcant ecological insight (Wissinger 1997, Marshall and Rypstra 1999b) . We evaluated emigration by collecting spiders from the outside edge of an unfavorable habitat (tilled soybean Þeld; Marshall and Rypstra [1999a] ) adjacent to experimental habitats. This was a closed system, and therefore we could truly assess emigration as animals crossing the tilled Þeld were doing so to leave a habitat known to be suitable for these species .
Materials and Methods
Study Area and Species. Experiments were conducted in agricultural Þelds located at the Ecology Research Center (ERC) in Butler Co., SW, Oxford, OH. Three of 12 Þelds were randomly chosen for study; each Þeld measured 60 by 70 m and was isolated from nearby habitats by Ն15 m of mowed grass (see Kemp and Barrett [1989] for a detailed description of study Þelds). Fields were managed under a no-till (or conservation tillage) regime, planted with Round-up Ready Soybeans between 4 Ð 6 May 2001, and sprayed twice through the growing season with a postemergence herbicide (Roundup). As much as possible, herbicides were not sprayed directly on our experimental plots, to reduce any of its potential effects on the experiment.
Specimens of P. milvina used in the experiments were Þeld-collected at the ERC during June and July 2001. H. helluo specimens are more difÞcult to Þnd in high numbers in the Þeld and thus laboratory-reared individuals were used for study. Although laboratory specimens may behave differently than Þeld-collected spiders, we attempted to use Þrst-generation offspring of Þeld-caught H. helluo, and past Þeld experiments with laboratory-reared H. helluo have proved successful (Marshall et al. 2000 , Balfour et al. 2002 . In the laboratory, spiders were housed in plastic containers containing moist peat-moss and fed two domestic crickets (Acheata domestica) twice per week. Environmental conditions were set at 25Ð27ЊC and Ϸ70%RH under a 14:10 h L:D cycle. Voucher specimens of H. helluo and P. milvina are deposited in the Hefner Museum, Department of Zoology, at Miami University.
Plot Design. Experiments were conducted in three circular plots placed in each of three Þelds. Plots were constructed in late June 2001. The center of each plot was randomly placed, however ensuring that the edge of the plot was Ͼ15 m from the Þeld edge. Each plot was 7.52 m in diameter and divided into six wedgeshaped sections (i.e., experimental units), each measuring 4 m 2 in area ( Fig. 1 ). Wedges were separated from one another with fences made of 50 cm aluminum ßashing embedded 10 Ð15 cm in the ground, which served to prevent spider movement between them. To create an unfavorable barrier around the experimental treatments to be later established in the wedges, a 1 m wide band around each plot was tilled at the time of plot construction ( Fig. 1) . This ensured that all vegetation was destroyed and the soil was barren and free of plant debris. The plants and natural debris that one would normally Þnd in a no-till Þeld were left in the central portion of all sections of the plot (i.e., wedges). In three randomly selected sections of each plot, a 10 cm layer of straw mulch was added to enhance the habitat for wolf spiders, as has been shown to work effectively in the soybean system , Halaj et al. 2000 , Marshall et al. 2000 , and elsewhere (Riechert and Bishop 1990) .
Spider movement was assessed using live-fall pitfall traps because our study species are known to be effectively collected with this sampling method (Marshall et al. 2002) . Pitfall traps were placed adjacent to drift fences, both of which were installed Ϸ1 wk be-fore release of spiders. The drift fence, made of aluminum ßashing embedded into the ground, was placed just outside the tilled perimeter of the plots, and was fashioned to direct ground-dwelling spiders into locations housing pitfall traps (Fig. 1) . Pitfall traps were circular plastic containers (9 cm diameter, 12.5 cm depth) placed in the ground so that the trap lip was ßush with the ground surface. Five pitfall traps were placed in each section for a total of 30 pitfall traps per plot. Two pitfall traps were placed at the juncture of the drift fence and the ßashing dividing sections of the plot. We refer to these traps as "Edge" traps and they were placed to catch animals moving along the fence and animals entering the plot at the junction of the drift fence and enclosure wall (Fig. 1) . Two pitfall traps were placed against the drift fence Ϸ1 m in from the edge traps. These "Center" traps caught animals deliberately moving out of the plot (Fig. 1) . One pitfall trap was placed in the center of each section. This "Middle" trap provided an estimate of spider movement within each experimental unit. All pitfall traps were left closed until an experimental run began. A closed trap contained a stick that allowed arthropods to move freely in and out of the trap. Removing the stick and placing a funnel in the trap so that spiders could enter but not escape opened the traps. A crumpled piece of paper provided structure inside the trap to reduce cannibalism or predation and provide shade.
Experimental Design and Protocols. The experiment was designed to assess two factors potentially inßuencing spider emigration from sections of the plot, either habitat enhancement or addition of hetero-or conspeciÞcs. Thus, it was necessary to mark and release a predetermined number of individual spiders according to treatment and track their emigration from plots as measured by pitfall trap captures along drift fences. We attempted to use the same densities and life-stages of the species typically found in soybean Þelds during the midsummer Rypstra 1999a, Marshall et al. 2002) . We selected penultimate or adult female P. milvina for study and midsized immature H. helluo. We ensured the H. helluo were on average larger than P. milvina by comparing the mass (mg) of a random sub-sample of both species before experimentation. We avoided using males of either species as their movement patterns may be complicated by active searches for mates (Searcy et al. 1999) . Treatments containing only P. milvina had 12 spiders added to experimental units (3/m 2 ). Treatments with augmented H. helluo numbers alone had six spiders (1.5/m 2 ). Treatments with heterospeciÞcs had 6 P. milvina and 3 H. helluo in the same experimental unit. Overall, the experiment used 108 P. milvina and 54 H. helluo.
Individuals of each species were marked with a single dot of nontoxic paint to uniquely indicate a treatment (i.e., single species treatment versus mixed species treatment, in mulch, and no-till habitat types). Spiders were marked between 3Ð10 d before experimentation to ensure that paint did not cause mortality or fall off. To standardize hunger levels, spiders were all fed two crickets 3 d before release. Given the size difference between our study species (H. helluo were Ϸ2ϫ the mass of P. milvina), each H. helluo was given crickets Ϸ7Ð9 mg in mass, and each P. milvina was given crickets between 2Ð 4 mg in mass.
Two trials of the experiment were conducted, the Þrst beginning on 26 July and the second on 27 August. Each trial ran for 96 h. Each experimental unit was assigned the same treatment for the second trial, but new spiders were used. The tilled perimeter of each plot was thoroughly weeded between trials.
The experiment began by adding the designated number of spiders to each experimental unit by allowing them to acclimatize in the experimental unit for 2Ð3 min under an overturned plastic container. After release, the pitfall traps were opened. The experiments began in the morning and pitfall traps were checked every evening (Ϸ19:00 hours) and morning (Ϸ08:00 hours) for the remaining four days. Spiders (marked and unmarked) were removed from the Edge and Center traps at the sampling times. Spiders found in the Middle trap were recorded, but then re-released into the experimental unit.
Statistical Analyses. The experiment tested the effect of habitat quality and the presence of heterospeciÞcs on emigration of H. helluo and P. milvina from experimental units. The design is a 2-factor analysis of variance (ANOVA) with the Þrst factor (habitat quality) having two levels: control (no-till soybean habitat) and mulch added. The second factor, spider species combination, had three levels: H. helluo addition, P. milvina addition, and both species together. Each treatment combination was randomly applied once within each plot (i.e., in the experimental units), resulting in three replicates of each. The design tested emigration rates of each species separately in treat- ments with and without mulch and in treatments with and without heterospeciÞcs. This analysis included both marked and unmarked spiders, and relied primarily on collections from Center traps, pooling the two traps per experimental unit. We excluded data from Edge traps as these may have collected animals that simply followed along the aluminum barriers regardless of treatment combination, as has been observed in our system (C.M. Buddle, personal observation), and documented with other ground-dwelling arthropods (Crist and Wiens 1995) . Trial time (July or August) was included in the model as a randomized block factor. For tests on marked spiders, the spider combination treatment had two levels (single species versus mixed species); dependent variables were both the raw number of spiders recaptured and the proportion of spiders recaptured (i.e., the number of recaptured spiders divided by the total number released). Tests on unmarked spiders used three levels of the spider combination treatment (H. helluo alone, P. milvina alone, both species present). Proportional data were Arcsine-transformed (xЈ ϭ arcsinͱx) before analysis (Sokal and Rohlf 1995) ; other data were ln-transformed [xЈ ϭ ln(x)] before analysis if the assumptions for parametric statistics were violated. All analyses used StatView, Version 5.0.1.
Results
Overall, 739 marked and unmarked spiders (624 P. milvina, 115 H. helluo) were collected in Center and Edge traps (Table 1) . Of this total, 82% were unmarked individuals, with most of these being adult male and female P. milvina, which were commonly collected in Edge traps (Table 1 ). The remaining 18% of the total spiders collected were coded with paint. Recapture rates were 45.4% for P. milvina (i.e., 98 recaptures out of 216 released, pooled over both trials) and 31.5% for H. helluo (34 recaptures out of 108 released). The drift fences and enclosure walls were effective at isolating treatments as only three spiders (all P. milvina) were recovered from experimental units different from where they were released (i.e., as identiÞed by paint color). These were excluded from all subsequent analyses.
Captures of both species (marked and unmarked) declined over the 96 h experimental period (Fig. 2) .
Most P. milvina (73.4%) were collected in the evening, and most H. helluo (60.9%) were collected in the morning (Fig. 2) .
Middle traps collected fewer spiders than compared with Center and Edge traps: Center traps collected a total of 4.1 spiders/trap, Edge traps collected 6.2 spiders/trap, and Middle traps collected 1.25 spiders/ trap (45 spiders in total). Thus, statistical analyses were not warranted on data from Middle traps. However, more specimens of both species were collected in Middle traps located in mulch (71% of total) compared with no-till habitat (29%).
All interaction terms (spider combination*habitat type) in the ANOVA analyses were not statistically signiÞcant, and were thus removed for subsequent analyses. Collections of unmarked spiders (P. milvinamale and female; H. helluo-all life stages) did not differ by either habitat type or spider combination (Table  2) . However, trial time signiÞcantly affected numbers of P. milvina (Table 2 ) with males and females collected more frequently in July compared with August. Numbers of unmarked H. helluo did not differ by trial time.
Marked P. milvina were collected signiÞcantly more often leaving treatments stocked with only P. milvina compared with treatments in which both species were introduced (Table 3 ; Fig. 3B ). However, the proportion (i.e., number of recaptures divided by the number initially released) of P. milvina recovered did not differ by habitat type or spider combination treatments (Table 3 ; Fig. 3C and D) . Both raw captures and proportional captures of marked P. milvina were higher in July compared with August (Table 3) . Marked H. helluo (raw recaptures and proportional recaptures) were collected leaving no-till habitats signiÞcantly more often than compared with habitats enhanced with mulch (Table 3 ; Fig. 3A and C) . Marked H. helluo tended to leave treatments containing other H. helluo more often than they emigrated from treatments with both species present (Table 3 ; Fig. 3B ), but proportion recaptures of H. helluo did not differ by spider combination treatment (Table 3 ; Fig.  3D ). Recaptures of marked H. helluo did not differ by trial time (Table 3) .
Discussion
Effect of Habitat Type on Emigration. Habitat enhancement by adding straw mulch decreased the emigration rate of H. helluo, as marked individuals were collected more often leaving no-till compared with mulched habitats. Additionally, more H. helluo were collected in pitfall traps placed in the middle of experimental units containing mulch versus no-till habitats. The positive effect of mulch or straw on spiders as has been found previously for our study species in soybean Þelds , Halaj et al. 2000 , Marshall et al. 2000 and for other spiders living in vegetable garden systems (Riechert and Bishop 1990) . The addition of mulch increases the complexity of the litter-layer in agroecosystems. Litter complexity, and habitat complexity in general, is cited as a key factor inßuencing foraging decisions and habitat residency with spiders (Bultman and Uetz 1982 , Uetz 1991 , Hurd and Fagan 1992 , Buddle 2001 .
Therefore, H. helluo may be naturally limited by suitable habitat in soybean Þelds. Not only is H. helluo limited by its ability to immigrate (Marshall et al. 2000) , if one is in a soybean Þeld without suitable habitat, we suggest it will consequently emigrate. Therefore, the abundance of H. helluo is likely tied closely to a speciÞc set of habitat requirements (Marshall and Rypstra 1999a) because this species is less versatile and unable to tolerate the same range of conditions as P. milvina. Because the natural habitats for H. helluo are believed to be riparian areas (Uetz 1976, Dondale and Redner 1990) , it may show such a strong afÞnity toward mulched areas because of higher moisture and more complexity. Thus, the low recaptures of H. helluo reported by Marshall & Rypstra (1999b) and Marshall et al. (2000) may have been Bold lettering indicates signiÞcant differences at P Ͻ 0.05. because of emigration if the habitat conditions were found to be sub-optimal. In contrast to H. helluo, P. milvina emigration rates did not differ by habitat type. Although P. milvina was frequently collected in middle traps located in the mulch habitat, it also moved freely out of these experimental units. Pardosa milvina, an active species with rapid colonization ability, is known to track preyrich habitats (Marshall et al. 2000) , and can be found naturally along barren riparian zones (Kaston 1981) . Past research has also shown various Pardosa species to exhibit dense populations in barren, exposed habitats (Morse 1997 , Buddle et al. 2000 . Thus, P. milvina may not have viewed the tilled region around our experimental unit as a barrier, but rather as a different type of habitat, and P. milvina collections along drift fences may reßect small-scale movement rather than emigration. Here is additional evidence about the extreme habitat versatility of P. milvina living in agroecosystems .
Effects of Con-and Heterospecifics on Emigration. Marked P. milvina and H. helluo were collected more frequently leaving habitats that had only conspeciÞcs compared with those with heterospeciÞcs. This is suggestive of a density-dependent effect because mixedspecies treatments contained fewer conspeciÞcs (P. milvina: 12 per unit in single species versus six per unit in mixed-species treatment; H. helluo: 6 per unit in single species versus three per unit in mixed-species treatment). Such density-dependent effects have been shown to drive emigration (and/or dispersal) for other terrestrial arthropods (Denno and Peterson 1995 , Herzig 1995 , Albrectsen and Nachman 2001 . However, when proportional data were analyzed, emigration from experimental units did not differ by species combination. The proportion leaving is the key variable of interest, as it actually reßects the propensity to emigrate independent of the initial number released. Therefore, we did not uncover an intraspeciÞc effect on emigration, and can only conclude that when more marked spiders are released into experimental units, pitfall traps subsequently recover more of these individuals.
We uncovered no evidence of the presence of heterospeciÞcs inßuencing the propensity for P. milvina and H. helluo to leave habitat patches. This is somewhat surprising as laboratory experiments have shown the presence of H. helluo can cause P. milvina to gain less mass (Marshall and Rypstra 1999b) , and cues deposited in the silk and/or feces of H. helluo alter the activity patterns of P. milvina (Persons et al. 2001) . The lack of interspeciÞc effects can be explained by several possible mechanisms. First, because our experiment was relatively short-term in duration, there was little time for P. milvina to recognize and react to the presence of H. helluo. Second, our mixed-species treatments established densities at or slightly below natural densities, and as such perhaps there is no reason to suspect effects on heterospeciÞcs because we know coexistence occurs with H. helluo and P. milvina in soybean Þelds . Future work would proÞt from testing emigration rates when densities of heterospeciÞcs are more signiÞcantly elevated. Third, without removing all unmarked spiders before our experiment began, it is difÞcult to assess the effect of the established fauna on marked individuals: these could cause a net emigration of marked individuals independently of any potential interactions between marked individuals. Finally, research showing that H. helluo is the superior competitor is largely based on adult H. helluo interacting with P. milvina Ϸ 1 ⁄10 their mass Rypstra 1999b, Persons et al. 2001 ). Research has shown that when size-classes of H. helluo and P. milvina closely overlap, direct interactions are rare (Balfour et al. 2003) . Although our study spiders still differed substantially in size (i.e., H. helluo was Ϸ2ϫ larger than P. milvina), this difference may not have been great enough to initiate any noticeable interspeciÞc effects at these densities and time frames.
Activity Patterns. Male and female P. milvina were more commonly collected in late July compared with late August, which is consistent with its known phenology: Marshall et al. (2002) report the peak activity period for males and females in mid-June, followed by a decrease in relative abundance later in the season. It is unknown why marked spiders were less prone to be collected in pitfall traps in August compared with July. Hogna helluo were collected as frequently in August as July. Marshall et al. (2002) suggest H. helluo mates in the spring and fall (i.e., and shows higher activity during these periods), and thus will show less variation in mid-and late-summer, the time frame of our study.
Our data showed that collections of spiders decreased over the 96 h experimental period. Because spiders from Edge and Center traps were removed when pitfall traps were serviced, the populations may be expected to decline if immigration into the plots was negligible. The marked spiders that remained unaccounted for after the 4 d experiment had either reached an equilibrium density within the 4 m 2 habitat patches, were relatively nonmobile, or had suffered mortality.
Our work also provides more quantitative data about periods of daily activity in H. helluo and P. milvina. In agreement with Marshall et al. (2002) , we found H. helluo is primarily nocturnal and P. milvina is more active during the day.
